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We present a protocol for transfer of an unknown quantum state. The protocol is based on 
a two-mode cavity interacting dispersively in a sequential manner with three-level atoms in A- 
configuration. We propose a scheme for quantum networking using an atomic channel. We investi- 
gate the effect of cavity decoherence in the entire process. Further we demonstrate the possibility 
of an efficient quantum memory for arbitrary superposition of two modes of a cavity containing one 
photon. 
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I. INTRODUCTION 

In the quantum information theory |lj, transfer of in- 
formation in the form of a coherently prepared quantum 
state is essential. One can transfer a quantum state either 
by the method of teleportation [2j or through quantum 
networking. The basic idea behind quantum network is 
to transfer a quantum state from one node to another 
node with the help of a career (a quantum channel) such 
that it arrives intact. In between, one has to perform a 
process of quantum state transfer (QST) to transfer the 
state from one node to the career and again from the 
career to the destination node. There have been some 
proposals for quantum networking using cavity-QED, 
where two atoms trapped inside two spatially separated 
cavities serve the purpose of two nodes. In Ref. Q the 
task was to transfer the state of one atom into the other 
via the process of QST between the atom and photon 
where the later is used as a career. The photon carries 
the information through either free space or an optical 
fiber between the cavities and the success depends on 
the probabilistic detection of photons or adiabatic pas- 
sage through the cavities. We note that, though it may 
be difficult to beat the communication with photons, it 
is always interesting to explore the alternatives. In fact, 
very recently, quantum network using linear XY chain 
of N interacting qubits has been proposed. In this pro- 
posal, the quantum state can be transferred from first 
qubit to iVth qubit within microscopic distance by pre- 
engineering interqubit interactions Q. 

Further, storage of quantum states is also an impor- 
tant issue. There have been several proposals for quan- 
tum memory. For example, recent proposals 0, have 
shown how to transfer the field state into atomic coher- 
ence by adiabatic technique and again retrieve the same 
through the method of adiabatic following [I| or using 
teleportation technique @. Quantum memory of indi- 
vidual polarization state into a collective atomic ensem- 
ble has been proposed pj. Initially an entangled state of 
two pairs of atomic ensembles is prepared, where the sin- 
gle photon polarization state is stored through a process 
similar to teleportation. Though the information can be 
transferred back to the photon state, the protocol only 
succeeds with a probability 1/4. Decoherence-free mem- 



ory of one qubit in a pair of trapped ions has also been 
experimentally demonstrated Maitre et al. have 
proposed a quantum memory, where the quantum infor- 
mation on the superposition state of a two-level atom 
was stored in a cavity as a superposition of and 1 pho- 
ton Fock states. The holding time of such memories is 
generally limited by the cavity decay time. 

In this paper, we propose a new scheme for QST to 
transfer the unknown state of one atom to another atom 
where the atoms are not directly interacting with each 
other. Note that by direct spin interaction of S1.S2 kind, 
quantum state could be transferred from one atom to an- 
other within a microscopic range. In the present scheme 
we show how similar kind of interaction between two 
atoms can be mediated via a cavity. Thus the atomic 
state can be transferred from one atom to another in 
mesoscopic range. 

We extend our idea of QST to quantum network where 
we transfer the state of one cavity to another spatially 
separated cavity. For this we use long-lived atoms as ca- 
reer, and make use of the QST process to transfer the 
state of cavity to atom and again to the target cavity. 
Our protocol for quantum networking provides a deter- 
ministic way to transfer the quantum state between the 
cavities. This protocol does not require any kind of prob- 
ability arguments based on the outcome of a measure- 
ment. Further we propose the realization of a quantum 
memory of arbitrary superposition of two modes of a cav- 
ity which contains only one photon. This superposition 
state can be stored in the long-lived states of the neutral 
atoms and retrieved in another two-mode cavity later, de- 
terministically. Our proposal relies on the technological 
advances and realizations as described in Ref. [T(ij ]. 

The structure of the paper is as follows. In Sec. II, we 
describe the model and provide the relevant equations. In 
Sec. Ill, we discuss how transfer of an unknown quantum 
state can be performed between two atoms. We provide 
an estimate of possible decoherence in this process due 
to cavity decay. In Sec. IV, we extend our scheme to 
quantum networks and quantum memory. 
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FIG. 1: Three-level atomic configuration with levels \g), \e), 
and |/) interacting with two orthogonal modes of the cav- 
ity, described by operators a and b. Here gi and (72 repre- 
sent the atom-cavity coupling of the a and b modes with the 
corresponding transitions and A is the common one-photon 
detuning. 



II. MODEL CONFIGURATION 

To describe how the QST protocol works, we consider 
a three-level atom in A configuration interacting with a 
two- mode cavity (see Fig. The modes with annihila- 
tion operators a and b interact with the |e) <-> \g) and 
|e) «-> I/) transitions, respectively. The Hamiltonian un- 
der rotating wave approximation can be written as 

H = h[uj eg \e)(e\ + Lu fg \f)(f\ + LUxa^a + u) 2 tfb 

+ {gi\e)(g\a + g 2 \e)(f\b + K.c.}} (1) 

where uj\_ g (I G e, /) is the atomic transition frequency, uii 
(i € 1,2) is the frequency of the cavity modes a and b, 
and gi is the atom-cavity coupling constant. We assume 
gi to be real. 

We work under the two-photon resonance condition 
and assume large single-photon detuning. After adiabat- 
ically eliminating the excited level |e) in large detuning 
domain, we derive an effective Hamiltonian describing 
the system of Fig. ^ 

he? 

tfeff = —^[\g)(g\Ja + \f)(f\tfb] 
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FIG. 2: Schematic diagram for the QST protocol for a num- 
ber of atoms interacting with the two-mode cavity in a se- 
quential manner for a time T = Air/2g 2 . 



in the state vector 

\i>(t)) = d g (t)\g,n,n)+d f (t)\f,n-l,[i + l) (3) 
are given by 



dg(t) 
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d g (0), 



, , , J n + 1XY , , , 



(4) 



where X = ^/nd g (0) + ^/fj, + le?/(0), Y — eyLp[ig 2 (n + [i + 
l)t/A] — 1, n and fj, are the respective photon numbers 
in the modes a and b. We note that the effective interac- 
tion @ can be seen as an interaction between two qubits 
defined via the atomic variables and field variables 

S + = \f)(g\, S- = \g)(f\, S* = - \g)(g\); 

R + = a^b, R~ = ab\ R z = -{a^a — b^b). (5) 

In the single photon space, the field operators R^, R z 
satisfy spin-1/2 algebra and thus the interaction can 
be written as interaction between two qubits 



R~S+ - 2R Z S 2 



(6) 



In view of the above form of the effective interaction we 
conclude that our system of Fig. ^ can be used for a 
number of quantum logic operations. 



where A = w e g,/ — ^1,2 is the common one-photon de- 
tuning of the cavity modes and g± = g 2 = g (<SC A) . The 
condition g\ — g 2 can be satisfied by proper choice as 
we can choose appropriate transitions in atomic systems, 
frequencies etc. Note that if one consider the levels \g) 
and I/) as Zeeman sublevels, then these conditions are 
automatically satisfied. In that case we may consider the 
two modes of the cavity as two orthogonal polarization 
states of a photon. Now note that, the first two terms in 
Eq. (J2J) represent the self-energy terms and the last two 
terms give the interaction leading to a transition from 
the initial state to the final state. The probability ampli- 
tudes of relevant basis states \g)\n, fi) and |/)|n— 



III. QUANTUM STATE TRANSFER 
PROTOCOL 

We next demonstrate how the dynamics of an atom 
in a two-mode cavity can be used to implement the QST 
protocol. Now onwards we refer a n pulse to an equivalent 
traversal time T of the atom through the cavity such that, 
2g 2 T/ A = 7r. The time T could be controlled by selecting 
the atomic velocity. 

We assume that the atom A is initially in an unknown 
state 

\i)A = a\g) A +0\f)A, (7) 
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where a and (3 are unknown arbitrary coefficients. The 
state \i) a of atom A is to be transferred to another atom 
B which is elsewhere. Preparing the cavity in a state 
1 0, 1) (i.e., initially one photon in the b mode), we send 
the atom A through the cavity for certain time which is 
equivalent to a tt pulse. After atom A comes out of the 
cavity, the atom B in state 

\i')=a>\g)+P>\f) (8) 

is sent through the cavity. Here a' and j3' are arbitrary 
coefficients and need not to be known. The atom B also 
experiences a it pulse during the interaction with the cav- 
ity. The entire process can be described as follows: 

\*U |o,i) 

J. 7r pulse on atom A 

\g) A H0,l)-/3|1,0)) 

J. B atom enters (9) 

\g) A |i'>B(a|0,l)-/9|l,0» 

J. 7r pulse on atom B 

\g) A K) s (c/|0,l)-/3'|l,0» . 

If one prepares the cavity initially in state |1, 0), then 
following the similar sequence as above, the final state 
will be -\f) A \i) B (a'\0,l) - (3'\1,0)). Note that the atom 
B has already acquired the state \i) of atom A, i.e., the 
state \i) is transferred from the atom A to atom B. 

More generally, our QST protocol can be written as 

|z) yl | i %(7|0,l)+^|l,0)) cav ^ ) h\g)-S\f)) A \i) B \i;) cav , 

(10) 

where U(ir) = U A {ir)U B (ir), U k (ir) (k £ A,B) [= 
exp{— iH c ffT/h}] denotes the 7r-pulse operation on the 
atom k, and 

|^)cav = a'|0,l) cav -/3'|l > 0) cav . (11) 

Our protocol has interesting features: (a) the initial 
states of the atoms can be arbitrary, (b) the field state 
can also be an arbitrary superposition of |0, 1) and |1, 0). 
Note that in case of two-level atom interacting with a 
resonant single-mode cavity, the QST protocol from one 
atom to another atom has difficulties associated with rel- 
ative phase which can be changed either by using a con- 
ditional phase shift which is essentially a two-qubit oper- 
ation (see Eq. (3.8), Ref. 0) or by applying a resonant 
microwave field to the atomic qubit. 

We note that if the initial state of the atom B is \g) 
(or |/)) and the cavity is initially in state |0, 1) (or |1, 0)), 
then we can not only transfer the state of atom A to B, 
but also can interchange the states between them. How- 
ever, the QST protocol described here cannot be inter- 
preted as a SWAP gate, as in usual version of a quantum 
gate, the atoms A and B must interact with the field 
simultaneously. We also note that, in the process of co- 
herence transfer between two atoms using, for example, 
the scheme of Ref. 1 jj , the atoms must be addressed by 



the pulses simultaneously which is basically a local inter- 
action. In the present protocol, the atoms interact with 
the 7r-pulse in a sequential manner. This is essentially a 
non-local process. 

Extending the idea of QST described above to a num- 
ber of atoms, we can transfer the state of any atom to 
the consecutive atom. This means, if we consider a sequel 
of atoms, then the state of any atom can be transferred 
to the consecutive atom which will pass the cavity after 
the former leaves the cavity. The procedure of trans- 
fer of atomic states to consecutive atom has been shown 
schematically in Fig. [2 Here the atoms A, B, C, etc. are 
sent through another identical bimodal cavity in initial 
state |0, 1). After passing through this cavity, the atom C 
is again prepared in state \i). Thus, using a second cavity 
in this way, we can transfer the state of the first atom A 
to a third atom C. Clearly, if we would use n number of 
cavities in this sequence, we could transfer the state of 
the atom A to (n + l)-th atom in the sequence. 

Effects of decoherence - fidelity of QST protocol 

Decoherence is a strong limiting factor in the realiza- 
tion of any quantum computational protocol. The inter- 
action of the atom and the cavity with the environment 
causes them to decay and results in decoherence. Thus, 
one has to consider the effect of decoherence to examine 
with how much efficiency, the desired outcome can be 
produced. These calculations can be done in the density 
matrix framework using the following Liouville equation 

p = --[H e g,p] - n a (a) ap - 2apa) + pa) a) 

- K b {b ] bp - 2bptf + ptfb) , (12) 

where K a and Kb are the decay constants of the two modes 
and H c ff is given by Eq. (J2J). 

In the present case, to investigate the effect of decoher- 
ence, let us consider a possible scheme. We consider \g) 
and |/) to be the Rydberg levels as in Haroche's experi- 
ments. In that case, we can use a bimodal microwave cav- 
ity like the one used by the group of Haroche. We use pa- 
rameters similar to those in the experiments by Haroche 
and his co-workers. If the cavity coupling constant g is 
27r x 50 kHz and the cavity decay constant n a = = k 
for each mode is 2n x 100 Hz, then n/g = 0.002. Fur- 
ther, for A = lOg, we calculate the cavity interaction 
time to be 50 ps for a n pulse, which is consistent with 
the interaction time possible to achieve in a microwave 
experiment. One sends the atoms with a velocity ~ 10 2 
cm s _1 through a few cm long cavity to achieve this in- 
teraction time. Using these parameters, we calculate the 
fidelity F that the first step of the evolution © occurs. 
The variation of F(T) with the decay constant k is shown 
in Fig. Ola), where T is the interaction time of the atom 
with the cavity. Note that the probability that the state 
of the atom A is transferred to the cavity remains more 
than 90% for k = 0.002 5 . We next show [see Fig. EJb)] 
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FIG. 3: (a) Variation of the fidelity F(T) of mapping the state of the atom A in the cavity Ci with n/g. We have assumed 
that the cavity decay rates are the same for both the modes and A = Wg. (b) Variation of the fidelity F calculated at time 
2T + t, with the time-delay r between the atoms for k = 0.002g and A = Wg. 




Atom A Atom C 

FIG. 4: Schematic diagram for the quantum network between 
distant cavities via atomic channel. Description of the figure 
is in the text. 

the variation of the fidelity F(2T+t) of the entire process 
© to occur with the time-delay r between the atoms A 
and B for k = 0.002<?. It is clear that the probability that 
the atom B acquires the desired state remains above 80% 
even at gr = 20(= r ~ 63fis). 



IV. EXTENSIONS OF QUANTUM STATE 
TRANSFER PROTOCOL 

A. Quantum networks 

Now we show how the above QST protocol can be made 
useful in preparing a quantum network, in which long- 
lived atomic states are used to communicate between the 
two nodes of the network. We assume that there are 
two identical two- mode cavities Ci and C2, which are 
considered as two nodes of the network. Let us consider 
that the cavity Ci is initially in a state |0, 1). To prepare 
this cavity in a superposition state 

\E) cav ^ 

|0,l) cav -/?|l,0) cav , (13) 

we send an atom A in state \i) through the cavity (see 
Fig. 2} such that the atom A experiences a it pulse. Now 
our goal is to transfer this cavity state \E) C!LV to the other 
node C2 • For that we send a second atom B through the 



cavity Ci after A comes out of it. We see that the atom 
B is prepared in |z) state through the evolution This 
atom is now sent through the second node C2 which is 
initially in state |0, 1). In this way, the state |-E) ca v of 
node Ci is transferred to the node C2. 

Extending the above idea to a number of distant nodes 
(cavities), we thus can transfer the state \E) cav from one 
node to another node of the proposed quantum network 
via a quantum channel (atom). For example, to send 
this state \E) ca - v from C2 to another node (say, C3), we 
can send a third atom C through these two nodes subse- 
quently. 

We emphasize that our protocol of quantum network- 
ing is distinct from the teleportation protocol of Davi- 
dovich et al. 01 • Their protocol depends on the Bell 
state measurements whereas in our protocol no Bell mea- 
surement is ever made. 

We further note that the present scheme can be used 
to spread entanglement between two distant cavities. For 
this, one first sends an atom A in \g) state through the 
first cavity Ci prepared initially in the state |1,0) such 
that the atom experiences a 7r/2 pulse (2g 2 T/A = 7r/2). 
This would prepare the atom and the cavity in the fol- 
lowing entangled state: 

m ACl = ±=e™/ 2 {\g) A \l,Q) x + |/) A |0, l)x) , (14) 

Next the atom passes through a second cavity C2 initially 
in the state |0, 1) and experiences a 7r pulse. Thus, at the 
end of this process, the two cavities are prepared in an 
entangled state of two modes as 

l*>c lC2 =-^= e M/2 [|l,0) 1 |0, 1)2-|0, l> a |l, 0)2] • (15) 

Clearly one can spread entanglement between atom and 
the cavity to another distant cavity. Note that in our pro- 
posal, entanglement is created between the modes of the 
two different cavities. The entanglement between two- 
modes of a single cavity has been produced in |l3[ . 
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B. Storage and retrieval of an arbitrary 
superposition state of two modes of a cavity 

We now discuss how the present 7r-pulse technique can 
be used to prepare an efficient quantum memory for ar- 
bitrary superposition of two cavity modes, where there is 
only one photon is present in either mode. Let us con- 
sider a two-mode cavity which is in a superposition state 
of two modes [see Eq. (|13p] 

|£) cav =a|0,l)cav-/3|l,0)cav , (16) 

where a and (3 are known coefficients. Now we send an 
atom in state JHJ through the cavity. Applying a 7r-pulse 
on it, we can map the superposition of |-E) ca v into the 
state of the atom. This procedure can be written as 

I0|£)cav —> -KMcav , (17) 

where \i) = a\g) + (5\f) and |^) cav is given by Eq. (JTTJ. 
Because, the states \g) and |/) of the atom are radiatively 
long lived, information about the state of the cavity can 
be stored inside the atom for sufficiently long time. To 
retrieve this information into the cavity, we prepare a sec- 
ond cavity in either of the states |0, 1) or |1, 0) and send 
the atom in state \i) through the cavity. Upon applying 
a 7r-pulse, the cavity can again be prepared in the super- 
position state as before. The retrieval of superposition 
can be shown as 

|*)|0,l)cav - \g)\E) cav , |i)|l,0) cav -» -|/)|£)cav • 

(18) 



We should mention here that the quantum memory 
proposed here for the cavity state is expected to work 
better since the information is being stored inside the 
long-lived atomic states \g) and |/). However, the trans- 
fer time of the cavity state to the atom is limited by the 
cavity holding time and the atom must stop interacting 
with the cavity before it decays. We also note that if the 
two modes are degenerate and correspond to two states 
of circular polarizations, then i|16|) can be viewed as a 
superposition of two polarization states of a photon. In 
such a case our proposal corresponds to storage and re- 
trieval of the polarization states of a photon. 



V. CONCLUSION 



In conclusion, we have presented a protocol for the 
transfer of a quantum state from one atom to another 
atom. This protocol can be extended to a number of 
atoms passing through sequential cavities and thus one 
can set up a quantum network. We have further shown 
how an efficient quantum memory of arbitrary superposi- 
tion of two cavity modes can be built up. Our proposals 
have certain advantages as we work with long-lived states 
of atoms. We provide a proper estimate of the efficiency 
of the state transfer protocol against cavity decoherence. 
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